Interferon gamma induced GTPase (IGTP) (also named Irgm3) and interferon gamma inducible protein 47 (IRG-47) (also named Irgd) are interferon (IFN)-inducible p47 GTPases that have been shown to regulate host resistance to intracellular pathogens. Little knowledge has been known about the role of p47 GTPases in host responses against extracellular pathogens. To investigate possible roles of IGTP and IRG-47 in the course of Schistosoma japonicum infection, IGTP and IRG-47 knockout and wild-type (WT) mice were challenged with cercariae of S. japonicum, and host responses were analyzed. At the acute stage of S. japonicum infection, mice that lacked IGTP displayed similar parasite burden and pathological damage to WT mice. Importantly, S. japonicum-infected IRG-47-deficient mice, in contrast to IGTP-deficient mice and WT mice, showed significantly reduced worms and lower egg-burden, but intense granulomatous reaction evoked by schistosome eggs in peripheral parts of liver lobes. In addition, upregulation of inflammation-related gene expression was observed in the spleen of IRG-47-deficient mice using oligonucleotide microarrays, in which multiple pathways of cytokine-cytokine receptor interaction, T-cell receptor signaling, complement, coagulation cascades and cell adhesion molecules were highlighted. Taken together, these data suggest that IGTP and IRG-47 might have distinct features that were differentially required for resistance to S. japonicum.
INTRODUCTION
Schistosomes are extracellular worms that are a prime example of a complex multicellular pathogen that flourishes in many mammalian hosts including human. In China, Schistosoma japonicum causes more severe diseases along the Yangtze River than any other Schistosoma species. Although great efforts have been made to determine the nature of the immune response to schistosomes, how to deal with such complex organisms under surveillance of host immune system is still uncertain.
It is well recognized that the strongest and most long-lasting vaccine protection induced by the radiation-attenuated cercariae implicated T-cell-mediated immunity involving interferon (IFN)-c-dependent mechanisms.
1 IFN-c regulates the expression of more than 1200 genes, the products of which presumably involve multiple biological functions of IFN-c-mediated effects. 2, 3 These IFN-c-regulated proteins act together to form a barrier to control pathogens effectively. A new family of IFN-c-induced genes has been identified as IFN-inducible p47 GTPases that have a marked impact on host control of infection at both organism level and cellular level. 4, 5 These genes encode a series of 47-to 48-kDa guanosine triphosphate-binding proteins. 6, 7 Functional studies have concentrated on six mouse p47 GTPase proteins that can be classified into two groups based on sequence homology: group I including LRG-47 (Irgm1), 8 interferon gamma-induced GTPase (IGTP) (Irgm3) 6, 7 and GTPI (Irgm2), 9 and group II including IRG-47 (Irgd), 10 TGTP/Mg21 (Irgb6) [11] [12] [13] and IIGP (Irga6). 9 At present, studies on this GTPase family have mainly been focused on intracellular pathogens. Individual member has various functions: IGTPdeficient mice manifest high susceptibility to a small group of protozoa 14 but resistant to all intracellular bacteria examined to date; LRG-47-deficient mice show decreased resistance against all protozoa and intracellular bacteria that have been tested; IRG-47-deficient mice show slightly decreased or normal resistance to all tested protozoa and bacteria. GTPase family members seem to have essential, pathogen-specific roles in resistance to infections. [14] [15] [16] [17] [18] [19] [20] [21] Also, GTPase family represents a new IFN-c-dependent, nitric oxide synthase 2 (NOS2)-independent pathway in the control of pathogen invasion.
other studies (data not shown). Moreover, each GTPase gene possessed completely different intensities. These results suggested that GTPase family might be involved in IFN-mediated effects on S. japonicum infection, and each member might function distinctly in immune defense. 22 In this study, we used gene-knockout mice that lacked expression of IGTP or IRG-47, representatives of the two groups of the GTPase family, to investigate the potential involvement of p47 GTPases in the protective immunity against S. japonicum infection.
MATERIALS AND METHODS
Animal model IGTP-deficient (IGTP -/-) and IRG-47-deficient (IRG-47 -/-) mice 14, 18 were kind gifts from Dr Gregory A. Taylor (Duke University, Durham, NC, USA); wild-type (WT) C57BL/6 mice obtained from Model Animal Research Center of Nanjing University (Nanjing, China) were sex-and age-matched (8-12 weeks) to IGTP -/-and IRG-47 -/-mice. All mice were maintained and bred under specific pathogen-free conditions. All experiments were performed with the approval of the Animal Ethics Committee of Nanjing Medical University.
Experimental infection and parasite burden
To determine parasite burden in different mouse groups, mice were infected by percutaneous exposure to 40 cercariae from Oncomelania hupensis snails infected with S. japonicum (strain of Chinese mainland). Mice were killed at 6 weeks after infection. Worm burden was assessed by perfusion of the portal system. Weighed liver samples except left front lobes for hematoxylin and eosin (HE) staining from individual mouse were digested in 5% KOH at 37 uC overnight. The released eggs were microscopically counted. Parasite burden was measured by the total number of worms recovered, released eggs in the liver and eggs per pair counted.
Histological examination
At 6 weeks after infection, the left front liver lobes of mice were fixed in 10% buffered formalin and embedded in paraffin. Sections (4 mm) stained with HE were microscopically examined for qualitative and quantitative alterations. Two parameters were used in HE staining: (i) distribution of eggs and granulomas in liver section; and (ii) cellularity in granulomas formation: average cell numbers of eosinophils, lymphocytes and plasma cells were counted within each granuloma with a single egg. At least 10 single-egg granulomas were counted in each section of mice.
Isolation of splenocytes
Mice were killed at 6 weeks after infection, and spleens were aseptically removed. Spleen cells were prepared by gently forcing spleen tissue through a fine nylon net into incomplete RPMI 1640 which contained 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. Erythrocytes were lysed with tris-NH 4 Cl and the remaining cells were washed twice with incomplete RPMI 1640. The cells were resuspended in complete RPMI 1640 containing 10% heat-inactivated fetal calf serum (JRH bioscience, Lenexa, KS, USA), 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin, to yield a final concentration of 1.0310 7 cells/ml. The viability of splenocytes was .95% as assessed by trypan blue dye exclusion.
Cytokine assay
Sera from IGTP 2/2 , IRG-47 2/2 and WT mice were collected at 6 weeks after infection. The cytokine levels of sera were examined by Bio-Plex mouse T helper 1/T helper 2 (Th1/Th2) cytokine assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) for interleukin (IL)-12p70, IFN-c, tumor necrosis factor (TNF)-a, granulocyte macrophage colony-stimulating factor (GM-CSF), IL-2, IL-4, IL-5 and IL-10 according to the manufacturer's instruction. Parameters were read on the Bio-Plex suspension array system, and the data were analyzed by Bio-Plex Manager software with five-parameter logistic regression curve fitting.
Microarray hybridization, data mining and analysis First, total RNA was extracted from each 6-week-S. japonicuminfected mouse splenocytes using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and purified with RNeasy kit (QIAGEN GmbH, Hilden, Germany). Equal amount of total RNA from five mice per group was mixed, and cDNA was generated using the One-Cycle Target Labeling and Control Reagents (Affymetrix, Santa Clara, CA, USA), and cRNA was made with GeneChip IVT Labeling Kit (Affymetrix). Biotin-labeled, fragmented (200 nt or less) cRNA was hybridized for 16 h at 45 uC to Affymetrix Mouse 430 2.0 arrays (Affymetrix) by the microarray facility. The arrays were washed and stained, afterwards read by GeneChip Scanner 3000. The fluorescence signal was excited at 570 nm, and data were collected on a confocal scanner at 3 mm resolution. Data in sorting and analyzing were acquired by GeneSpring GX7 software (Agilent, Santa Clara CA, USA). After normalization and filtering procedure, the system picked up the differentially expressed genes with two folds. These genes were placed into pathways based on Kyoto Encyclopedia of Genes and Genomes database. Significant pathways with differentially expressed genes were identified (P,0.05).
Quantitative real-time PCR Total RNA was extracted from isolated spleen cells of 6-week-infected mice using Trizol reagent (Invitrogen) according to the manufacturer's instructions. Aliquots of 0.5 mg of total RNA were transcribed to cDNA using a commercially available reverse-transcription kit (TaKaRa Biotechnology, Shiga, Japan) in a 10 ml reaction mix. The amounts of mRNA including ccl2, il12, il10, igtp, lrg47 and irg47 were measured by quantitative real-time PCR (qRT-PCR). The validated primers for all target genes were listed in Table 1 . The PCR reaction was carried out in a 20 ml reaction mixture containing 8 ml of cDNA, 10 ml of 23 Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), and 1 ml of forward primer and reverse primer respectively (Invitrogen). qRT-PCR was performed with a PE Applied Biosystems model 7300 sequence detector with the following procedures: 50 uC for 2 min, 95 uC for 10 min to activate DNA polymerase, and 40 cycles at 95 uC for 15 s and at 60 uC for 1 min. b-actin was used as an internal control. The relative transcription levels of individual target gene were normalized by the internal control. The identity and the purity of the PCR product were confirmed by melting curve analysis. All data were analyzed using the PE Applied Systems Sequence Detector 1.3 software. The threshold cycle number was used to quantify the target gene transcription for each sample using the comparative threshold cycle method. The results represented the expression of the target gene relative to the expression of b-actin.
Statistical analysis
All data are expressed as mean6SD. Statistical analyses of the results of immunological assays were conducted using one-way analysis of variance or Student's t-test. Differences were considered statistically significant where P,0.05.
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RESULTS

Differential parasite burden in IGTP
2/2 and IRG-47 2/2 mice infected with S. japonicum To investigate differences of parasite parameters between groups, we measured the number of eggs in the liver and the total amount of worms and pairs recovered from 6-week-S. japonicum-infected IGTP 2/2 , IRG-47 2/2 and WT mice in two independent experiments. No relevant difference in the number of adult worms and liver eggs was found between infected IGTP 2/2 and WT mice. However, there was a significant decrease in adult worms and egg counts in the livers from infected IRG-47 2/2 mice compared with the other two groups. Meanwhile, egg production by each parasite pair in IRG-47 2/2 mice also reduced. Table 2 summarizes the above findings.
Differential distribution of eggs and granulomatous reaction in the liver of S. japonicum-infected IGTP 2/2 and IRG-47 2/2 mice S. japonicum, unlike Schistosoma mansoni, releases eggs in conglomeration in large quantity. Eggs mass around the portal area, leading to presinusoidal obstruction and central deposition of multiple eggs in granulomas. Figure 1 shows a representative image of the liver pathology in the three groups. HE staining revealed that a larger number of eggs concentrated around the portal area in 6-week-S. japonicum-infected IGTP 2/2 and WT mice (Figure 1a and c), while relatively less eggs in infected IRG-47 2/2 mice (Figure 1b ). There was no significant difference in the number of granulomas containing various numbers of eggs in all liver sections of three mouse stains (data not shown). Importantly, the cellularities of single-egg granulomas among the three groups were significantly different. The average number of eosinophils and total number of cells in each single-egg granuloma in IRG-47 2/2 mice were much higher than those in IGTP 2/2 and WT mice ( Figure 2 ). Thus, more intense cellular reaction evoked by schistosome eggs was observed in infected IRG-47 To assess the impact of IGTP-or IRG-47-deficiency on Th1/Th2 immune response, we measured Th1 and Th2 cytokines in 6-week-S. japonicum-infected mouse sera with Bio-Plex technology. For serum detection, most of the cytokine levels in uninfected mice were too low and without significant difference between groups (data not shown). Figure 3 shows Th1/Th2 cytokine profiling in sera from three groups at 6 weeks after infection. Compared with IRG-47 2/2 mice, S. japonicum-infected IGTP 2/2 mice produced a high amount of IL12p70, TNF-a, IL-4, IL-5, and IL-10 as well as WT mice; the GM-CSF and IL-2 productions in IGTP 2/2 mice were significantly higher than those in WT mice (P,0.05 and P,0.01, respectively). Interestingly, IRG-47 2/2 mice showed the lowest cytokine levels in sera, whether Th1 or Th2 type such as IL-12p70, IFN-c, IL-10, IL-4 and IL-2, among three groups.
Upregulation of inflammation-related gene expression profile observed in functional classification of microarray in IRG-47 2/2 mice We used high-density oligonucleotide microarrays to compare the changes of functional genes expression in IGTP-or IRG-47-deficient mice with S. japonicum acute infection. To further dissect the underlying molecular events in association with specific gene targeting, we performed a functional classification of the differentially expressed genes that are related to immune response. The most representative families turned out to be that comprising the inflammatory response genes, including cytokines, chemokines, cell adhesion molecules, costimulatory molecules, and so on. Figure 4 summarizes the significantly changed genes in these four families. Interestingly, most genes expressed in IRG-47 2/2 mice were upregulated markedly, compared with IGTP 2/2 and WT mice. These genes fell into the following classical categories: cytokines, including il4, il6, il10, fasl, ifng, csf1, and so on; chemokines, including ccl2, ccl3, ccl4, cxcl9, cxcl10, and so on; Table 1 , IRG-47 2/2 and WT mice at a magnification of 3400 (scale bar5100 mm).
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Figure 2
The cellularity in liver granuloma with a single egg in 6-week-S. japonicum-infected IGTP 2/2 , IRG-47 2/2 and WT mice, respectively. Eosinophils, lymphocytes, plasma cells and the total cells were counted in each granuloma. At least 10 granulomas were counted in each section of mice. Asterisks indicate significant differences (*P,0.05, **P,0.01, compared with WT mice).
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XS Chen et al 72 costimulators, including cd28, cd 80, cd 86, icos, and so on; adhesion molecules, including vascular cell adhesion molecule-1 (vcam-1), activated leukocyte cell adhesion molecule (alcam), and so on. Otherwise, the important cytokine TNF-a was expressed at a lower level in IRG-47-deficient mice, which might be related to decreased egg burden and mild lesion in the liver. Significant candidate genes, chosen from four represented functional families, were validated by qRT-PCR. In addition, NOS2, as expressed in response to proinflammatory cytokines and inducing NO production, showed little difference between three groups.
Furthermore, differential gene expression of cytokines, chemokines, cell adhesion molecules and costimulatory molecules in IRG-47-deficient mice significantly influenced the pathways of cytokinecytokine receptor interaction, T-cell receptor signaling, complement and coagulation cascades and cell adhesion molecules, as shown in Figure 5 . Pathway of natural killer cell-mediated cytotoxicity seemed to play a certain role in IGTP 2/2 mice. Therefore, it was speculated that high expression of inflammatory response genes in IRG-47 2/2 mice could be related to the decreased parasite burden.
qRT-PCR-validated microarray data
To study the impact of IGTP-or IRG-47-gene deficiency on the expression of other family members of p47 GTPases and also confirm the validity of microarray data, we performed qRT-PCR to identify the mRNA levels of p47 GTPases including igtp, lrg47 and irg47 genes, and some differentially expressed functional genes including ccl2, il12 and il10, in spleen cells from 6-week-S. japonicum-infected IGTP 2/2 , IRG-47 2/2 and WT mice. The relative gene expression of lrg47 was significantly upregulated in both IGTP 2/2 and IRG-47
mice, compared with WT group, while igtp and irg47 were slightly Figure 3 The amounts of Th1/Th2 cytokines in the sera from 6-week-S. japonicum-infected IGTP
2/2
, IRG-47 2/2 and WT mice were assayed by Bio-Plex technology. The symbol 'm' presents the absolute amount of each sample. Asterisks indicate significant differences (*P,0.05, **P,0.01).
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elevated when irg47 or igtp was deficient, but there is no significant difference correspondingly (Figure 6b ). These suggested that a certain p47 GTPase deficiency might lead to the increased expression of other members among the same family. qRT-PCR results also showed that the expressions of ccl2, il12 and il10 in IRG-47 2/2 mice were higher than those in IGTP 2/2 and WT mice. Especially, ccl2 expression in IRG-47 2/2 mice presented a significant increase (Figure 6a ).
DISCUSSION
As downstream mediators of IFN-responsive pathway, the p47 GTPases play extensive and profound roles in mediating innate resistance to intracellular pathogens. 23, 24 So far, no data have been published showing a role for any p47 GTPase in the host defense against extracellular pathogens. In this study, we employed S. japonicum as a multicellular pathogen model and investigated the different infectious outcomes in IGTP-and IRG-47-deficient mice. IGTP-deficient mice displayed comparable parasite burden, inflammatory reaction in liver and T-cell responses to WT mice during S. japonicum infection. In contrast, IRG-47-deficient mice showed partial resistance to the parasite and alleviated systemic immune responses, displaying reduced parasite burden and suppressed Th1/Th2-cytokine expression in sera compared with IGTP-deficient and WT mice. However, it is worthnoting that more intense granulomatous reaction evoked by schistosome eggs in the periphery of liver was observed in IRG-47-deficient mice. These data indicate that p47 GTPases may play a much broader role in immune responses than previously recognized. They are involved in extracellular infections as well as in intracellular infections. Different p47 GTPases might make different contributions to the establishment of and/or host resistance to specific infectious agent, also called 'pathogen-specific resistance'. IGTP could mediate host complete resistance to Toxoplasma gondii, but it did not significantly alter the course of Trypanosoma cruzi infection. During T. gondii infection, IGTP-and LRG-47-deficient mice were killed uniformly and rapidly during the acute phase of the infection; in contrast, IRG-47-deficient mice displayed only partially decreased resistance that was not manifested until the chronic phase. Our study on this extracelluar worm infection also suggested that IGTP and IRG-47 might play distinct roles in resistance to S. japonicum, and IRG-47 could compromise the protective immunity. Unlike intracellular infection in which some p47 GTPases assist in regulating the processing of parasitophorous vacuoles and ultimately driving elimination of the pathogen, in S. japonicum infection, these p47 GTPases might be positioned to exhibit various abilities to dispose or regurgitate exogenous antigens from schistosomes, and involved in handling exocytotic release of soluble lymphocyte cofactors, such as cytokines or chemokines. As liver pathology showed, more inflammatory cells, including eosinophils and lymphocytes, were chemotaxed and accumulated around schistosome eggs to construct relatively bigger granulomas in periphery of the liver in IRG-47 2/2 mice.
Accordingly, significant upregulation of inflammatory response genes from microarray data was noted in IRG-47-deficient mice, which formed characteristic milieu against schistosomes. These endogenous signals could be grouped into the following three categories: signals that mediated the inflammatory response, including tnf, il6, ifn and various chemokines; signals that functioned as costimulators of T-cell activation, including cd80, cd86, icos, cd28, cd40, and so on; signals that controlled the induction of effector functions and kept in equilibrium, including il4, il10, il12, transforming growth factor-b )/signal intensity of WT) of a specific gene-expression level in IGTP 2/2 or IRG-47 2/2 mice to that in WT mice.
IFN-inducible p47 GTPases XS Chen et al 74 Figure 5 Significant pathways with differentially changed genes in IGTP 2/2 and IRG-47 2/2 mice compared with WT mice. The bioinformatics analysis was carried out using GeneSpring version 7.0 software. Differentially changed genes were placed into Kyoto Encyclopedia of Genes and Genomes pathways database to search the relevant pathways. Significant pathways associated with immune and inflammatory response in IRG-47 2/2 mice focused on cell adhesion, cytokine-cytokine receptor interaction, T-cell receptor signaling, complement and coagulation. Figure 6 The relative mRNA levels of ccl2, il12, il10 and three members of p47 GTPase family, igtp, lrg47 and irg47, at 6-week-S. japonicum-infected IGTP 2/2 , IRG-47 2/2 and WT mice, were assayed by real-time quantitative PCR. The ratio of target gene to internal control was calculated to represent the relative expression level. (a) The relative mRNA levels of ccl2, il12 and il10 indicated that the expressions of ccl2, il12 and il10 in IRG-47 2/2 mice were higher than those in IGTP 2/2 and WT mice. Especially, ccl2 expression in IRG-47 2/2 mice presented a significant increase (*P,0.05). (b) lrg47 gene was significantly upregulated in both IGTP 2/2 and IRG-47 2/2 mice, compared with WT group (*P,0.05).
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(tgfb) and ifng. Chemokines here, such as ccl2, ccl3, ccl4, cxcl9, and cxcl10, directed the migration of antigen-specific cells, mainly including T cells, monocytes, neutrophils and eosinophils, along with other effector cells to the site of invading pathogen either by inducing the expression of adhesion molecules on endothelial cells, or by stimulating chemotaxis. The deficiency of IRG-47 seemed to result in more intense chemotoxicity aiming to specific schistosome antigen. If this phenomenon did occur in schistosomulum stage of early infection, a number of inflammatory cells gathering could lead to destruction of more schistosomula through the damage of tegument or other killing mechanisms, resulting in a reduced number of adult worms and parasite eggs. Thus, the possible mechanism underlying the partial resistance of IRG-47 deficiency might be associated with forming an unfavorable survival environment and cytokine field for S. japonicum.
In addition, NO as an important effector of macrophage-based killing should be considered here. NOS2 is expressed in response to proinflammatory cytokines (such as IFN-c and TNF-a) and/or microbial products (such as lipopolysaccharide), and results in the prolonged production of a large amount of NO. 25, 26 The function of NO in the immune response varies depending on the biological milieu. [26] [27] [28] [29] NO may be host-protective, acting as an effector molecule of macrophage cytotoxicity against tumor cells and invading pathogens and as a regulator of inflammatory responses. 27, 30 The role of NO during schistosomiasis has been investigated previously and was found to function at early stages of acute schistosomiasis. 31 We attempted to determine whether parasite burden caused by the absence of IGTP or IRG-47 was associated with NO-mediated mechanism. Our microarray data showed that there was no significant difference in the expression of NOS2 among IGTP-deficient, IRG-47-deficient and WT mice. Combined with our previous observations that there was no difference in the concentration of NO in the culture supernatant of activated IGTP 2/2 , IRG-47 2/2 or WT macrophages, it was indicated that NOS2 activity and NO production were unimpaired in the absence of IGTP and IRG-47. A similar conclusion was drawn from studies of the role of LRG-47 in the microbicidal activity of macrophages for Mycobacterium tuberculosis.
5,32 Therefore, these findings suggest that p47 GTPase and NO function independently in mediating parasite control.
The findings in this study support previous studies indicating that IFN-c-inducible signaling has pleiotropic effects on immune defense and revealing that p47 GTPases function differentially depending on invading pathogen species. The functions of IGTP and IRG-47 seemed to be different against S. japonicum. More importantly, it argues the protective role of p47 GTPase family in this shared IFN-c-mediated
